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Abstract 
We investigate in this work the formulation of composite resistive pastes based on epoxy resins and graphite for micro-heater 
manufacturing via thick-film technology. The resistive paste is first screen-printed onto a printed circuit board (PCB) substrate, 
and then coated with expandable polydimethylsiloxane (PDMS), a composite based on an elastomeric matrix and expandable 
microspheres, resulting into one-shot thermal actuators allowing pumping and sealing in microfluidic devices. The resistive paste 
must therefore have controlled properties, such as rheology, resistivity and temperature stability. This paper details the 
formulation and characterization of suitable epoxy-graphite resistive composites, and the control of their properties through 
additives. 
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1. Introduction 
Micro-fluidic devices are often based on clean-room processes and materials, e.g. thin-film deposition onto 
silicon or Pyrex® glass, which are unsuitable for very high-volume disposable devices. Nowadays, a move towards 
polymers is observed as their properties such as transparency, low-cost and biocompatibility make them particularly 
interesting for micro-fluidic applications. Therefore, structures in PCB covered with printed (screen printing, 
inkjet…) devices appear to be much more attractive. One type of envisioned device consists of one-shot valves and 
pumps to extract and analyze small blood samples [1] and using heated PDMS / expandable microsphere composites 
for actuation. However, directly using the copper conductive tracks as heaters has the disadvantage of too low 
resistance values and low lateral resolution due to the copper tracks acting as heat spreaders. Therefore, we have 
endeavored in this work to use polymer / graphite resistive pastes combined with thick-film technology. Graphite 
was chosen over carbon black as filler as it presents several advantages such as a much higher electrical and thermal 
conductivity, which allows, in principle, corresponding properties in its composites. However, due to its strong 
anisotropy, the physics of these composites are complex and not fully understood to date. Resistors based on the 
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 epoxy-graphite system have been investigated previously [2], [3], and present the advantage to be adjustable in 
resistivity depending on the filler concentration. These systems are known as percolative materials; their 
conductivity follows, according to the classical theory, a power law of the form [4]: 
σ ≈ σ0 (x - xc)t                                                                                                                                                                                                                                     (1) 
where σ represents the bulk conductivity of the composite, x the volume concentration. The critical 
concentration xc, also defined as the percolation threshold, corresponds to the concentration of the conductive phase 
where conductivity first occurs. This concentration as well as the proportionality constant σ0 depend on the 
microscopic details (microstructure and mean intergrain junction conduction), whereas the critical exponent t is 
supposed to be independent of the material. 
However, using polymer/graphite materials involves undesired effects we have to focus on. First, standard 
graphite tends to have a high percolation threshold in polymers, resulting in a high viscosity. This can be a problem 
for both screen-printing and bulk polymer compounding processes. Several types of graphite were tested for 
conductive fillers, as well as different solvents in order to obtain an adapted formulation of the composite. 
Temperature stability of the resistors is also a factor of importance. This temperature is limited by the glass 
transition temperature (Tg) of the epoxy matrix, which lies at ca. 100°C for “classical” epoxies, i.e. in our range of 
application. Therefore, it is advantageous to formulate a resistive paste with Tg lying above or below this 
temperature range. Composites were made using epoxies with different Tg for comparison.  
The purpose of this study is therefore to obtain the most adapted formulation for polymer/graphite resistive pastes 
through the use of additives (such as solvents) in order to have a rheology compatible with screen printing, a low 
resistivity and temperature stability at 100°C or above.  
2. Experimental 
Formulation of thermally stable polymer/graphite resistors is here the “key factor” for a suitable application in a 
microfluidic device as it is directly connected to the Tg of the matrix. Different materials were tested out to give a 
large array of potential composites design. Three nominal graphite sizes of the same TIMREX® series (provided by 
TIMCAL, Switzerland) were used for composite manufacturing in order to see the impact on resistivity and 
rheology. These graphites are all “conventional” graphite and look like a fine black powder constituted of ca. 
ellipsoidal particles with a density of 2.3 g/cm3. Table 1 sums up their main properties. The nominal particle size 
means that 95% of the particles have a major axis smaller than 4 µm (resp. 15 µm and 44 µm).  Two epoxies, whose 
properties are given in Table 2, were used for the tests: EpoTEK® 377 and Martens Plus® provided resp. by 
Polyscience AG and Swiss Composites (Switzerland). 
Table 1. Properties of graphite used 
Name Particle size (µm) Specific surface area (m2/g) 
KS4 4 26 
KS15 15 12 
KS44 44 9 
 
Table 2. Main properties of epoxies used 
Name Tg (°C) Viscosity (mPa.s) at RT Curing  
EpoTEK® 377 ~ 95 150-300 2h at 150°C 
Martens Plus® ~ 200 2300 24h at 100°C + 15h at 230°C 
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In our experiments, resistivity will be the reference measurement. Test resistors are screen-printed on alumina 
substrate. Resistivity is then measured through a four-point probe for different concentrations of conductive fillers. 
Rheology is a key factor in thick-film process. The fluidity of the paste was controlled with solvents such as 
ethylene glycol dimethyl ethers, also known as glymes: CH3(OCH2CH2)nOCH3. They have boiling points between 
162°C and 275°C for n= 2…4, allowing to tune their evaporation characteristics. Their impact on the composite was 
estimated through weight and resistivity measurements on a previous internal study [5]. It was determined that 
glymes have no/or little effect upon resistivity of the final composite, in accordance with their use as inert solvents. 
Therefore, they are good candidates as epoxy solvents. The last parameter is temperature stability. It will be defined 
as the variation after three full thermal cycles between 30 and 140°C of test resistors, with resistivity measured 
each 10°C. 
3. Results 
A first series of experiments using the three types of graphite with an EpoTEK® 377 matrix was performed in 
order to determine the effect of particle size on resistivity as well as the volumic concentration needed for our 
application (Fig 1). Two conclusions can be drawn from this graph. First, particle size clearly appears to have almost 
no effect on resistivity, the tendency of the curve as well as the values remaining the same for the three types. 
Therefore, we decided to use KS4, as it is the smallest particle. This maximizes reproducibility (i.e. the film gets 
closer to an “infinitely large” system) and allows printing with higher resolution (compatibility with very fine screen 
meshes). Secondly, it was specified that the application required a low resistivity, e.g. a high filler volume fraction. 
Based on this first set of values, we decided that a 20% volumic concentration in conductive filler was an adequate 
compromise between low resistivity and processability.  
 
 
 
 
 
 
 
 
 
 
Fig. 1. Resistivity of the composites vs. graphite filler volume fraction in EpoTEK® 377, for the three graphite powder sizes. 
 
The second series of tests was performed to determine the composite stability with temperature. Each resistor test 
was submitted to three thermal cycles between 30 and 140°C. Each 10°C, resistivity was measured through a four-
point probe. For EpoTEK® 377 (Fig 2a), we can see appreciable amounts of hysteresis in the curves, with the first 
cycle exhibiting a large evolution. A transition is clearly observed at 60-80°C, roughly corresponding to the Tg of the 
matrix. Above Tg, several effects are in competition: thermal expansion, mobility (charge carriers, bonds between 
crosslinks) and lower elastic modulus with higher Poisson coefficient. The resistivity of the composite is therefore 
unstable in the range of our application, compelling us to choose epoxy Martens Plus ®, which has a higher Tg, to 
shift this undesired effect to higher temperatures. However, its high initial viscosity is unfavorable for the high 
graphite loading required for low resistivity values, requiring addition of glymes as solvents. Thermal cycling 
between 30 and 140°C of test resistors demonstrated that the final composite remains stable with temperature 
(Fig 2.b). It was thus possible to screen-print micro-heaters and to coat them with expandable PDMS [6]. 
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Fig 2. Traces of three thermal cycles for 20% KS4 in (a) EpoTEK® 377 and (b) Martens Plus®  
 
4. Conclusion 
In this work, the resistivity and stability of epoxy-graphite composites was investigated. We achieved control of 
the paste rheology by tuning the formulation with glymes, which remain inert with the matrix and evaporate in a 
controllable fashion during the curing. This control allows high filler loadings, necessary to obtain low resistivity 
values. It was also demonstrated that particle size has almost no effect on resistivity, which is in accordance with 
theoretical models. We thus decided to use graphite with the smallest particle size to maximize printing resolution 
and reproducibility. The Tg of the matrix was shown to have a pronounced effect on the temperature stability. 
Thermally stable heaters were therefore successfully formulated using an epoxy matrix with a high Tg, yielding 
resistors well suited for the manufacture of micro-heaters by economical printing processes. Provided the achievable 
resolution (ca. 100 µm) is adequate for the envisioned application, this technology constitutes a promising 
alternative to costly clean-room processes. 
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